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IND power has been developing very fast over the world due to the environmental concern and energy supply security issue. Large-scale wind power projects have been rapidly developed in Europe. The European Wind Energy Association (EWEA) states that the installed capacity of wind power projects could expand to 320 GW by 2030 [1] .
The integration of large-scale wind farms (WFs) creates a number of technical and economic challenges for developers and operators due to the variability and uncertainty of wind [2] . The outputs of wind turbine generators (WTGs) are determined by wind condition and availability of WTGs. The intermittent characteristics of wind energy and random nature of failures of WTGs make the generation output of WFs stochastic and totally different from that of conventional generating units. Consequently, it complicates reliability assessment and management [3] .
Reliability assessment of power systems incorporating wind energy has been widely studied. The assessment methods can be generally classified into two types: 1) analytical methods [3] - [7] ; and 2) Monte Carlo simulation (MCS) methods [8] - [12] . In [3] , the time-varying reliability models of WFs, conventional generating units, and rapid start-up generating units were developed and represented as the corresponding universal generating functions. In [4] , a multi-state model of a WF based on the apportioning method was developed. The simulation results show that a five-state model can be used to provide a reasonable assessment of the power system adequacy studies using analytical methods. In [5] - [6] , the analytical models of WFs were developed considering the stochastic characteristics of wind speed and outage of WTGs. A comprehensive analytical method for reliability modeling of doubly fed induction generator (DFIG)-based WFs was proposed in [7] . In [8] - [10] , the effects of large-scale WFs on power system adequacy assessment were investigated using the MCS method. In [11] , a two-dimensional wind speed statistical model was developed and used in the reliability assessment of microgrids based on the sequential MCS. A time-dependent model of WFs was studied and applied to reliability assessment using the state-sampling MCS method in [12] . The proposed method shows better performance than the sequential MCS on the computation efficiency.
Previous studies have shown that the sequential MCS method can model the chronological characteristics of wind speed as well as load. Therefore, it can precisely reflect the impacts of wind power on power systems. However, the MCS method often requires longer computational time. In contrast, the analytical method is more efficient for reliability assessment. In the analytical method, WFs can be modeled as multi-state conventional units.
Wind speed correlation has a significant impact on system reliability. In [8] - [10] , wind regimes were modeled using the autoregressive moving average (ARMA) time series model. The wind speed correlation level between different wind locations can be adjusted by selecting the random number seeds for a random number generation process. In [13] , the Copula theory was used to generate correlated wind speed time series and then the multistate model of WFs was developed based on a linear apportioning method.
A considerable number of large-scale WFs are planned offshore. Among the available technologies for the connection of offshore WFs, the voltage source converter-based high voltage direct current (VSC-HVDC) transmission system has become an attractive option for connecting distant offshore WFs due to its flexible active and reactive power control, feasibility of multiterminal dc or meshed grids, and inherent black start capability [14] , [15] .
The reliability assessment of HVDC systems is important for the growing hybrid AC/DC power systems. A number of studies have been done for the reliability assessment of HVDC systems [16] - [18] . Mostly, these studies focus on the conventional line commuted converter-based HVDC (LCC-HVDC), while few studies have been done for the reliability assessment of power systems with VSC-HVDC systems. As mentioned above, due to its economic and technical advantages, VSC-HVDC will play a significant role in the development of offshore wind power. The failures of VSC-HVDC systems may cause a complete outage of offshore WFs and consequently zero output. Therefore, the VSC-HVDC system shall be modeled together with WFs in the reliability assessment.
To investigate the reliability of power systems with offshore wind power, a combined analytical reliability model of VSC-HVDC connected offshore WFs is proposed in this paper. Firstly, a two-dimensional multi-state WF model which takes into account both the wind speed variations and WTGs outage is developed. The wind speed correlation between WFs is considered in this model by using an improved k-means clustering method. Then, the reliability model of the VSC-HVDC system is developed and the whole system is modeled as a multistate conventional generation unit by combining the reliability models of the WFs and VSC-HVDC system. The proposed model is applied to the Roy Billinton test system (RBTS) for adequacy studies. Both probability and frequency reliability indices are calculated. The effectiveness of the combined model is demonstrated by comparing results with the sequential MCS method. The effects of wind speed correlation and the outage of the VSC-HVDC system are analyzed. Besides, sensitivity analyses are conducted to investigate the effect of repair time of the offshore VSC-HVDC system on system reliability.
The rest of this paper is organized as follows. In Section II, the frequency and duration technique is briefly introduced. In Section III, the two-dimensional multi-state model of WFs is developed. In Section IV, the reliability model of the VSC-HVDC system is developed and then combined with the WF model. The adequacy assessment method using the proposed analytical combined model is presented in Section V. In Section VI, the proposed model is applied to the RBTS for adequacy studies, followed by conclusions.
II. FREQUENCY AND DURATION TECHNIQUE
The Markov approach can be used for systems whose behavior can be described by a probability distribution with a constant hazard rate. Representing wind power by a stationary Markov process implies that the residence time of states follows an exponential distribution. In fact, wind power time series are non-stationary due to seasonal variations of wind. However, this effect can be neglected if the amount of data is large enough such as one year data or more. And it will not be necessary that wind power exactly follows this distribution, if only long-term average values are required [5] . The limiting state probabilities and frequencies of a process having non-exponential distributions are identical to those evaluated under the assumption that the states are exponentially distributed [19] . Thus, a stationary Markov process is used in this paper.
The exponential distribution requires a constant transition rate, which is defined by,
where λ ij is the transition rate from state i to state j, N ij is the number of transitions from state i and state j, and D i is the duration of state i during the whole observed period. The probability of occurrence of state i is given by,
where T is the total observation period. The frequency of occurrence of state i, f i , is then calculated by,
III. RELIABILITY MODEL OF WFS
In this section, a two-dimensional multi-state model of two WFs with correlated wind speed is developed based on the frequency and duration technique. and Part C, respectively. In Part D, a two-dimensional multi-state WF model is finally developed using the state-space diagram.
A. Global Fast k-Means Clustering Algorithm
The clustering technique aims to partition a dataset into several well-separated subsets (clusters) based on the similarity criterion. The k-means algorithm is a popular clustering method. However, the conventional k-means algorithm is a local search procedure and its performance heavily depends on the initial conditions. Hence, an improved k-means algorithm, called a global fast k-means clustering algorithm, is used in this paper [20] .
Suppose a given dataset
. . , C K by solving a minimization optimization problem. The objective function is the sum of square Euclidean distances between data point x i and cluster center v k of the dataset C k which contains x i . It is defined by,
where
The global fast k-means clustering algorithm proceeds in an incremental way. To solve the problem with K clusters, all intermediate problems with 1, 2, . . . , K − 1 clusters are sequentially solved.
The procedure starts with one cluster (k = 1) and the first cluster center corresponds to the centroid of the dataset. Suppose v
are the square distances between x i and the closest cluster center (i.e., the center of the cluster which x i belongs to among these k − 1 cluster centers). The initial cluster centers for the k-clustering problem can be expressed as {v The detailed procedure of the global fast k-means clustering method is illustrated in Fig. 2 .
B. Single-Turbine Output Model Considering Wind Speed Variations
If a WTG is operating, its output depends on wind speed as well as the performance characteristics of the generator, which is completely different from the conventional generation units. Therefore, the effect of wind speed variations should be fully considered in the model.
The historical wind speed data of two WFs (WF_1 and WF_2) in eastern China from 2013 to 2015 with 10-min resolutions are used in this work. The statistical data of wind speed are listed in Table I .
The hourly wind speed series are obtained by averaging six 10-min values. The power curve of a V90-3.0 MW WTG is used in this study [7] . Fig. 3 shows the two-dimensional scatter diagram of the power output of a single WTG in the two WFs with correlated wind speed.
In existing work, the analytical models of a single WF for reliability assessment have been studied [5] - [7] whereas multiple WFs are not mentioned. As shown in Fig. 3 , the outputs of two WFs are correlated in a certain degree. Therefore, their correlation shall be modelled. To address the problem, a twodimensional single-turbine output model is presented as follows.
The Markov chain can model the variations of a stochastic process as transitions between states where each state represents a discrete value. The number of states depends on the accuracy requirements of the model. Too many states increase the computational burden. For a 3-MW WTG, the power output can be divided into 0-, 0.5-, 1-, 1.5-, 2-, 2.5-, 3-MW steps [6] . If the same approach is used to the models with two or more dimensions, it will be hard to determine the suitable number and range of steps. Hence, the global fast k-means clustering algorithm is used to partition states. Fig. 4 shows the objective function values versus the number of clusters. With the increase of the cluster number, the objective function value decreases. However, the reduction of the objective function value becomes insignificant after selecting 15 or more clusters. Considering the accuracy of the model as well as the computation efficiency, a 20-state model is thus used in this work. Fig. 5 shows the clustering centers which can be used to represent the power output states. As shown in Fig. 5 , the clusters can effectively represent the correlation between two WFs. Fig. 6 shows the state-space diagram of the two-dimensional 20-state single-turbine output model. For the sake of legibility, some of the transitions between non-adjacent states are not shown in Fig. 6 . 
C. Outage Model of a WTG
A WTG as a repairable system is comprised of a number of components. Failures of some crucial components will result in a complete outage of the WTG. Fig. 7 shows a simple twostate reliability model for each turbine component, in which the component is either in the up or down state. An equivalent twostate Markov model of a system with n series components can be obtained by [21] , 
D. Multistate Model of WFs
The WF model can be developed based on the single-turbine output model and outage model of WTGs. A WF with multiple WTGs is subject to the same wind regime. The reliability model of two WFs can be established by combining the twodimensional model and operating state model (up or down). Suppose the two WFs are comprised of ten 3-MW WTGs each. The state space diagram of the WFs is shown in Fig. 8 . In each state-circle, the number above is the label number of the state, and the numbers at the lower left and right corners are the available number of WTGs in WF_1 and WF_2, respectively. For two N -turbine WFs, the total number of states is (N + 1) 2 . The probability of a WF with M available WTGs p(M ) can be calculated by,
where A and U are the availability and unavailability of the WTGs, respectively. For two N -turbine WFs, the total number of states in the state space diagram is n(N + 1) 2 where n is the number of power output states for a single WTG. It is too large for the modeling. In order to reduce the computational burden, those almost identical states can be merged using the clustering technique. The clustering centers represent the new merged states. The probability and frequency parameters of the merged states are obtained using the following equations [21] ,
where subscript i refers to the state resulting in identical power output, Z refers to the new merged state, C, p, f and λ are the state capacity, probability, frequency and transition rate with subscript i for identical states and Z for new merged states, respectively, and A Z is the set of states with identical power output.
According to the objective function value of the clustering method, the suitable number of states for the final reliability model of WFs is 20. Table II shows the final multi-state model of WFs.
IV. COMBINED WFS AND VSC-HVDC RELIABILITY MODEL
A system comprised of two offshore WFs and a typical threeterminal VSC-HVDC system, shown in Fig. 9 , is used in this paper to develop the combined model. Each WF is equipped with a WF side VSC (WFVSC) and the two WFs share a common grid side VSC (GSVSC). Fig. 10 shows the structure of the combined reliability model of the whole system. The system can be divided into five Faults may happen on these components of the VSC station. It is assumed that a fault on any of the components causes a full outage of the VSC station. As such, the series equivalent reliability model of the VSC station can be represented by a typical two-state Markov model using (6.a) and (6.b). The outage data of the VSC-HVDC system are listed in the Appendix [16] - [17] , [24] . The equivalent reliability model of the VSC station is listed in Table III. 2) DC transmission line: The system includes two main common parallel DC transmission lines using submarine cables. It is assumed that any failure of the main transmission lines causes a complete outage of the VSC-HVDC system. The failures of medium-voltage collector systems inside WFs are not considered in this paper. The length of the main transmission line is assumed to be 100 km. The model of the DCTL is listed in Table III .
B. Combined Reliability Model
To develop the combined reliability model of the whole system, the WF model and WFVSC model are combined into an equivalent model (EM_1), and the DCTL model and GSVSC model are combined into an equivalent model (EM_2). Then, these two equivalent models are combined into the final combined model. The details are described as follows.
Obviously, the failures of WFVSC_1 and WFVSC_2 can influence the power output of WF_1 and WF_2. The state-space diagram of EM_1 for only one power output state is shown in Fig. 11 . For more than one power output state, the state-space diagram becomes a diagram of multiple layers, where each layer represents a two-dimensional power output state of the WFs and all operating states of the WFVSC stations.
Due to the series structure of the GSVSC and DCTL, the series equivalent method can be used to obtain EM_2. It is a two-state Markov model. Combining EM_1 and EM_2, the final combined reliability model can be obtained. For each state, the available generating capacity of the wind energy system is the sum of the two offshore WFs. The total number of states in the combined model is 20 × 4 × 2 = 160, which is too large for reliability assessment. Therefore, the almost identical states are merged again. Here, the available generating capacity of the system is divided into 0-, 10-20-, 30-40-, and 50-MW steps. Then, the combined model can be represented by a six-state Markov model as shown in Fig. 12 . Table IV shows the capacity outage probability table (COPT) of the combined model where λ + and λ − denote the departure rates to the higher and lower generation capacity states, respectively.
V. GENERATION SYSTEM RELIABILITY ASSESSMENT WITH OFFSHORE WFS
The combined multi-state model of VSC-HVDC connected offshore WFs can be treated as a conventional generation unit with derated power output states. In this paper, the basic reliability assessment technique is used to form the COPT of the entire generation system. If a state includes different states of conventional generating units and the offshore WFs, the probability, transition rates and frequency can be obtained using the following equations [6] ,
where p, f , λ + and λ − are the probability, frequency, and departure rates to the higher and lower generation capacity states, respectively, s refers to the state resulting from the combination of different states of generating units, and i represents the operating states of different generating units in the state s. Those identical states can be merged by,
where the subscript i refers to the identical states, and k refers to the merged state. The hourly load values are grouped into several class intervals. The mean of each class is taken as the load level value [21] . The frequency, probability and transition rates are calculated. Then, a margin model can be obtained by convolving the generation model and load model. The identical margin states can be merged using (10.a)-(10.c). The first negative margin state is taken as the loss of load situation.
VI. CASE STUDY
In this section, the modified RBTS is used to verify the proposed model. The original RBTS has 11 conventional generating units with total 240 MW installed capacity and 185 MW peak load [25] . The original load data are grouped into 20 levels. The reliability indices include loss of load expectation (LOLE), expected energy not supplied (EENS), loss of load frequency (LOLF) and loss of load duration (LOLD). To demonstrate the accuracy and efficiency of the proposed combined model, the simulation results using the proposed model are compared with the results using the analytical model, in which the wind speed correlation is modelled using the Copula method [13] and the conventional sequential MCS method, which is generally used for validation. The effects of the VSC-HVDC system and wind speed correlation on system reliability are analyzed. Moreover, sensitivity analyses were conducted to investigate the impact of the repair time of the offshore VSC-HVDC system on system reliability.
A. Validation of the Combined Model
In this study, the coefficient of variation for EENS, set as 0.01, is used as the convergence criterion for the sequential MCS method. The Gaussian Copula function is adopted in the Copula method. Moreover, it should be mentioned that according to the method in [13] , the proposed Copula method cannot be used to calculate the frequency indices LOLF and LOLD. Fig. 13 shows the reliability assessment results with different peak load levels. As can be seen from Fig. 13 , with different load levels, the probability and frequency indices using the combined model are close to those with the sequential MCS method, which demonstrates the effectiveness and accuracy of the proposed combined model. Additionally, the Copula method also shows effectiveness in reliability assessment, whereas the combined model shows better accuracy.
The computation time of reliability assessment using the combined model and the Copula method are less than 1s, whereas the computation time using the sequential MCS method is about 150s. Consequently, the combined model and the Copula method are more efficient for reliability assessment. Considering the complicated work for parameter estimation in the Copula method, the analytical model based on the clustering method is easier for implementation.
B. Effects of VSC-HVDC System and Wind Speed Correlation
To investigate the effects of wind speed correlation and outage of the VSC-HVDC system on system reliability, the following four cases are considered in this study.
Case 1: The original RBTS without wind power. Case 2: The modified RBTS with offshore wind power considering wind speed correlation and the failures of the VSC-HVDC system (the proposed combined model).
Case 3: The modified RBTS with offshore wind power only considering wind speed correlation.
Case 4: The modified RBTS with offshore wind power only considering the outage of VSC-HVDC systems.
The reliability indices of the RBTS in the four cases are calculated and listed in Table V . Comparing Case 2 with Case 3, it is shown that the outage of the VSC-HVDC slightly reduce the system reliability level. Neglecting the outage of the VSC-HVDC system will lead to an inaccurate over-optimistic assessment results. Comparing Case 2 with Case 4, it is shown that the over-optimistic assessment results are also obtained without considering wind speed correlation. In Case 4, the WFs are modeled independently using the single WF model [6] - [7] . Hence, the correlation between two WFs is zero. Since lower correlation between WFs leads to stronger complementarity, the risk indices are reduced.
C. Effect of the Repair Time of Offshore VSC-HVDC System
Due to lack of data of offshore WFs and VSC-HVDC systems, the outage data used in the modeling are obtained from onshore HVDC systems. However, the failure rates and repair time of the offshore VSC-HVDC system are quite different from the onshore cases [17] . For example, the repair work significantly depends on the weather conditions such as wind regime and wave height. The resulting repair time may be much longer than that of onshore cases. Sensitivity analyses are conducted with different repair time. Fig. 14 shows the EENS and LOLF with different average repair time of WFVSC stations. Obviously, as the average repair time increases, the EENS and LOLF both increase. And an approximately linear relationship can be observed. The outage of the VSC-HVDC system and wind speed correlation can both affect the system reliability. Neglecting them in reliability assessment will lead to over-optimistic assessment results. Sensitivity analyses show the effect of the repair time of the offshore VSC-HVDC system on system reliability. With the increase of repair time, the EENS and LOLF indices both increase and have an approximately linear relationship with the repair time.
APPENDIX
Tables VI and VII show the original outage data of DFIGbased WTG and VSC-HVDC system used in the model. 
